Room temperature ferromagnetic Mn 0.026 B X Si 0.974−X bulk samples with X = 0.001, 0.005, and 0.01 were fabricated by arc melting and followed by thermal annealing at 1000°C. The effects of carrier density on the ferromagnetism were studied. Due to the high carrier densities, all samples showed metallic behavior. Kondo effect was observed when the temperature was below 10 K. Weakly localized carriers monotonously increased with increasing boron concentration, resulting in the enhancement of exchange coupling among Mn ions. The study indicated that the ferromagnetism originates from the hole mediated Ruderman-Kittel-Kasuya-Yosida mechanism. © 2010 American Institute of Physics. ͓doi:10.1063/1.3352979͔ Diluted magnetic semiconductors ͑DMSs͒ have been widely investigated because of their potential applications in the semiconductor-based spintronic devices. Much of the attention has been focused on the transition metal-doped II-VI and III-V semiconductors. Considering the matured Si-based semiconductor technology, there is an increasing interest in group-IV-based DMS. Stimulated by the first study of group IV-based DMS by Park et al.
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1 in 2002 on Mn-doped Ge with a Curie temperature of 116 K, room temperature ferromagnetism has been found in Mn-doped Ge, 2-6 Mn-doped Si, [7] [8] [9] [10] [11] [12] Fe-doped Ge, 13 and Co-doped silicon. 14 It is believed that carrier concentration and carrier type are critical in the formation of ferromagnetism in DMS. Bolduc et al. 9 compared the magnetization of n type and p type Mn-doped silicon and found that the p type Si 1−x Mn x samples have much stronger moments than those of n type samples. Chiu et al. 8 studied Mn-doped Si and found that room temperature ferromagnetism is sensitive to the relative carrier concentration. It is well understood how the B dopant can control the carrier density in Si technology that doping of boron in the proportion of one boron atom to 10 5 silicon atoms increases the conductivity by a factor of 10 3 at room temperature. 15 This motivates us to study the DMS properties in Si-doped with B and Mn. The advantage of this method has been partially demonstrated in B and Mn codoped Si films, where Curie temperature was reported to be higher than 250 K. [16] [17] [18] In this study, we have substantially increased the carrier density, resulting in the Curie temperature above room temperature.
B and Mn codoped silicon polycrystalline Mn 0.026 B X Si 0.974−X bulk samples with B compositions from 0.1 to 1 at. % are fabricated by an arc melting method. The samples are kept at the same Mn concentration of 2.6 at. %. High purity silicon ͑99.9999%͒, manganese ͑99.99%͒, and boron ͑99.5%͒ are mixed and melted in an arc melting furnace in an argon atmosphere. After melting, the ingots are cut into pieces and subsequently annealed in the furnace for 24h at 1000°C with Ar flow.
The sample structure is determined in an x-ray diffractometer with Cu radiation. Magnetic measurements are carried out in a vibrating sample magnetometer at room temperature. The resistivity as a function of temperature and the Hall effect are measured in a Quantum Design physical property measurement system ͑PPMS͒.
After being annealed at 1000°C, Fig. 1 shows that all samples have crystalline Si structures with secondary phases of Mn 4 Si 7 and ␤-Mn, which are marked with ‫ء‬ and o, respectively. The appearance of the second phase suggests that the solubility of Mn in the Si host is lower than the nominal value. Single phase MnB is room temperature ferromagnetic ͑FM͒, 19 however, we do not find MnB phase in all three samples. Both Mn 4 Si 7 and ␤-Mn are known to be paramagnetic ͑PM͒ at room temperature. The Mn 4 Si 7 phase was also found in B and Mn-doped silicon films made by an rf magnetron sputtering method. 16 Based on the quantitative analysis of the XRD, the concentrations of Mn 4 Si 7 phase are 0.22, 0.18, and 0.34 mol %, respectively with boron concentration of X = 1, 0.5, and 0.1 at. %, and hence, the remaining Mn ions in the Si host are in a similar concentration of 1.77, 1.97, and 1.31 at. %, respectively.
a͒ Author to whom correspondence should be addressed. Electronic mail: zhangyap@gmail.com. The resistivity and the Hall effect are measured by the PPMS. Hall effect measurements indicate p type of carriers in this system. The extracted carrier concentration is listed in Table I . The temperature dependence of the resistivity is shown in Fig. 2 . The resistivity decreases with decreasing temperature and increasing B concentration. All samples show metallic behavior, similar to the reported results of Codoped Ge. 11 The metallic behavior shown in Fig. 2 is in agreement with the carrier density according to Mott's criterion: 20 when the carrier concentration is larger than 10 17 cm −3 , the system is in metallic regime. The carrier density in our sample is almost five orders larger than the density reported by Liu et al. 16 This is reasonable considering that the B concentration in their samples is kept at 2 ϫ 10 15 at. / cm 3 , the lowest B concentration in our samples is 2.5ϫ 10 20 at. / cm 3 , which is five orders larger. The metallic regime can also be confirmed if the Fermi temperature T F is higher than room temperature and the mean free path, indicated as , is larger than 3 Å lattice spacing. [20] [21] [22] The Fermi temperature T F can be calculated by
/ ͑2m e B ͒, and the mean free path can be extracted from = ប͑3 2 ͒ 1/3 / ͑n c 2/3 e 2 ͒, where ប, m e , and B represent the Planck constant, electron mass, and Boltzmann constant, respectively. As shown in Table I , the values of T F are higher than room temperature and the values of are greater than 3 Å. The ratio of the carrier density ͑n c ͒ to the density of Mn ions ͑n i ͒ are also displayed in Table I . Besides the metallic behavior, another unexpected phenomenon we should point out is that when the temperature is below 10 K, the resistivity starts to increase, which is shown in the inset of Fig. 2 . This phenomenon is known as Kondo effect, 23 which is because of the scattering of the carrier by uncorrelated magnetic impurities. This behavior seems to be related to the carrier density that the smaller carrier density ͑in X = 0.1 at. % sample͒ the more obvious upturn in the -T curve. Similar behavior was also found in Ref. 24 . Kondo effect was also found in a similar system in Fe 1−X Mn X Si. 25 There are three possible sources contributing the carriers in the following samples: boron doping, Mn doping, and Mn 4 Si 7 phase. 16 The dominant contribution is the boron doping. The addition of boron into silicon in the proportion of one boron atom per 10 5 silicon atoms increases the conductivity of pure silicon by a factor of 10 3 at room temperature. 15 Since Mn impurity level is deep in the band gap, the carrier density from Mn doping is insignificant. Furthermore, the Mn concentration is kept the same in all samples, so the carrier density difference cannot be a result of the Mn doping. It is known that the hole carriers can also be provided by the Mn 4 Si 7 phase. However, the contribution will be low due to the minute amounts of Mn 4 Si 7 in the sample. It should also be pointed out that the metallic behavior is not desirable in the semiconductor-based spintronic applications since the reason for searching room temperature DMS is to reduce the conductance mismatch between DMS and regular semiconductor materials. However, it is important to understand the mechanism for the ferromagnetism in this material in order to demonstrate whether such an approach is feasible for developing room temperature DMS.
Hysteresis loops measured at room temperature are shown in Fig. 3͑a͒ . Figure 3͑b͒ shows the enlarged M-H 
ͪͬ+H. ͑1͒
The first term is the usual function used to represent a FM hysteresis curve, where the M s and M r are the saturation magnetization and remnant magnetization, respectively. Hc is the intrinsic coercivity and S is the ratio of M r to M s . The second term is the normal expression for the PM component, where the magnetization is proportional to the applied field.
In Fig. 3͑c͒ , we show the fitted results for the sample with X = 1% including the separated FM and PM contributions. The extracted M s and the magnetization per remaining Mn ions are shown in Fig. 3͑d͒ . Both the saturation magnetization and the moment per Mn ion increase with boron concentration. For the sample with X = 1%, the saturation magnetization is 2.53 B / Mn, which indicates that 50.6% of the Mn ions contribute to the ferromagnetism assuming each Mn ion has a maximum moment of 5 B . In similar calculations, for samples with 0.5% and 0.1% B concentration, the percentage of Mn ions contributions to ferromagnetism are 23.5% and 0.6%, respectively. Therefore, it is clear that in samples with similar Mn concentrations, more B can enhance the exchange coupling among Mn ions. When the ratio of the carrier density ͑n c ͒ to the density of Mn ions ͑n i ͒ is between 0.3 and 0.5, the exchange is maximized. 20, 28 As shown in Table I , the n c / n i ratios are 0.27 and 0.42 for 0.5% and 1% concentrations of boron, respectively. Both samples show much enhanced ferromagnetism at room temperature, as shown in Fig. 3 .
In this type of DMS system, ferromagnetism is induced by Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ interaction via s, p-d exchange coupling between the s, p hole carriers and the d electrons of the local Mn. 29 The resistivity of samples studied here is still small throughout the whole temperature range, suggesting that the hole carriers are weakly localized. This feature can also be confirmed by evaluating the product of wave vector F and mean free path , which can be expressed as
The results are also shown in Table I . A system for which F Ͼ1 is considered to be in the weakly localized regime, in which carriers have a large localization length and can cover many local Mn ions. Along with the increase of the hole concentration, the coupling between the transition metal and the free carrier is enhanced, which gives rise to ferromagnetism. This enhanced ferromagnetism is consistent with the carrier density dependent Kondo effect. Shown in the inset of Fig. 2 , the less obvious upturn in the -T curve with more carrier density indicates that less uncorrelated magnetic Mn ions exist in the samples. In another word, more Mn ions are exchanged coupled. It is reasonable because Kondo effect and RKKY effect are two competing mechanisms. 30 In conclusion, we have investigated the structural, transport, and magnetic properties of Mn 0.026 B X Si 0.974−X . The resistivity and magnetic moment are strongly dependent on the carrier concentrations, which can be manipulated by boron doping. The resistivity, Fermi temperature, and mean free path confirm that all samples are in the metallic regime, but with weakly localized carriers. Both the weak location of carriers and the carrier density enhance the exchange coupling among Mn ions, giving rise to room temperature ferromagnetism. The larger carrier density favors RKKY mechanism and depresses the Kondo effect. 
